Droughts adversely impact rural and urban communities, industry, primary production and, thus, a country's economy. Drought monitoring is directed to detecting the onset, persistence and severity of the drought. In this study, meteorological drought indices such as the Standardized Precipitation Index (SPI), the Reconnaissance Drought Index (RDI) and deciles were assessed to investigate how well these indices reflect drought conditions in Victoria, Australia. The Theory of Runs was also used to identify the drought deficit. The study uses 55 years of monthly precipitation and reference evapotranspiration data for five selected meteorological stations in Victoria, Australia.
INTRODUCTION
Drought differs from other natural hazards such as cyclones and floods as it is a slow on-setting, creeping phenomenon (WMO ). It is difficult to determine when the drought begins and, likewise, when it ends, as urban, agricultural and industrial sectors recover from droughts differently.
Monitoring droughts and forecasting persistence always present unique research challenges; however, it is essential as droughts become more common and more severe due to climate change impacts (Mishra & Singh ; Alexander et al. ) . There are four types of droughts, commonly classified as meteorological, agricultural, hydrological and socio-economic (Wilhite & Glantz ) . In contrast to meteorological droughts, the other three types of droughts occur less frequently because it usually takes weeks or months before precipitation deficiencies begin to produce soil moisture deficiencies, declines in streamflow, reduced reservoir levels and lower groundwater tables. Thus, for drought monitoring and early warning, meteorological drought indices (DI) provide the best initial assessment.
Once meteorological indices indicate the onset of a drought, other non-meteorological indices could provide complementary additional information to the relevant sectors, describing severity and impact.
In Australia, several significant droughts have occurred in the recent past, including 1963-1968, 1972-1973, 1982-1983 and 1991-1995, In addition, the RDI proposed by Tsakiris & Vangelis () as a meteorological drought index is applied in this study to test its applicability. It makes use of precipitation and PET simultaneously as temperature, wind and relative humidity are also important factors in characterizing drought. In addition to these two DI, the ToR is applied to determine the best rainfall threshold level and to quantify the number of droughts and their characteristics.
In Australia, deciles are used to assess the status of rainfall deficiency (BoM ). Despite the advantages, deciles do not detect the essential characteristics of droughts (e.g., severity and intensity). However, the deciles method is also applied in this study to test its performance. Recently, Barua et al. () developed a new drought index, namely the Nonlinear Aggregated Drought Index (NADI). NADI uses factor analysis and is complex, and has been recently developed using hydro-meteorological data from the Yarra River catchment, Victoria. However, it is yet to be tested in other regions.
The ease of application was also a factor in finalizing which indices to test and compare. This paper assesses how well the SPI, RDI and deciles can define the historical droughts in Victoria based on the data from the selected rainfall stations and ToR to identify drought properties.
The results obtained by applying these three DI are presented and discussed. The SPI was also applied to identify the initiation and end of historical droughts.
METHOD Study area
The State of Victoria in Australia has a varied climate ranging from semi-arid and hot in the north-west (300 mm/ annum), to temperate and cool along the coast (1,800 mm/annum). Victoria has been split into 15 rainfall districts with relatively similar rainfall patterns (BoM ). The locations of the five rainfall stations selected for this study and their details are shown in Figure 1 and gov.au/climate/data/). Two commonly used data in-filling methods, namely the arithmetic mean and the normal ratio method were applied to calculate the missing monthly rainfall data. Data from a station's nearest neighbours were used to make the estimations. If the average annual rainfall at each of the adjacent stations differed from the average at the missing data station by ±10%, the equation used was an expression of an estimate based on the average precipitation at all stations. In contrast, if the difference between the average annual rainfall at any of the adjacent stations and the missing data station was greater than 10%, a normal ratio was used. The percentage of missing data is reported in Table 1 . Figure 2 shows mean monthly temperature and precipitation for all stations. Overall, rainfall is at a maximum in late winter and early spring (i.e., July-October) and at a minimum in summer or early autumn (i.e., December- 
where Australian ET o is the reference evapotranspiration (mm day À1 ), Δ is the slope of the saturation vapour pressure curve (kPa W C À1 ), R n is the net radiation at the crop surface the mean daily air temperature at a height of 2 m ( W C), u 2 is the wind speed at a height of 2 m (ms À1 ), e s is the mean saturation vapour pressure (kPa) and e a is the actual vapour pressure (kPa). The computation of ET o followed the method described in Chapter 4 in Allen et al. () . (1) Fit a cumulative probability distribution function (PDF) (usually gamma distribution) on aggregated monthly (k) precipitation series (say k ¼ 3, 6 and 12 months in this study). The gamma PDF (g(x)) is defined as
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where β is a scale parameter, α is a shape parameter, which can be estimated using method of maximum likelihood, x is the precipitation amount and Γ(α)
is the gamma function at α. The estimated parameters can be used to find the cumulative PDF of observed precipitation events for the given month and particular time scale. The cumulative distribution function (CDF) is obtained by integrating Equation (2)
n ¼ number of precipitation observations and x refers to the sample mean of the data.
(2) Transform the CDF to the CDF of the standard normal distribution with zero mean and unit variance, which is given as follows:
This transformed probability is the SPI. A positive value of SPI indicates that precipitation is above average and a negative value denotes below average precipitation.
A drought event is defined here as a period in which the SPI is continuously negative and reaching a value Reconnaissance Drought Index
Tsakiris & Vangelis () proposed meteorological droughts to be conceptualized as water deficits representing the water balance deficit between input (precipitation) and output (reference evapotranspiration). The initial value (α k ) of RDI for a certain period, indicated by a certain month (k) during a year, could be determined as
where P ij and PET ij are the precipitation and PET of the jth month of the year. Although this equation can be calculated starting from any month of the year, this study considered January (k ¼ 1) as the starting month and not October, the month normally used in several Mediterranean countries and in the Middle East region.
The RDI can be expressed as normalized RDI (RDI n ) and Standardized RDI (RDI st ). The RDI n is computed using the following equation:
The RDI st is computed following a similar procedure to the one that is used for the calculation of the SPI. The equation is as follows:
where y k is ln (a (i) k ), y k is its arithmetic mean andσ k is its standard deviation.
In this study, the RDI is fitted to a gamma PDF similar to the one used for SPI. Therefore, the RDI st could be computed following a similar procedure described for SPI and the values compared to the same threshold values as SPI (Table 2) .
Theory of Runs
Probabilistic features of drought have been investigated extensively since Yevjevich () proposed the use of the run concept as a method to identify and characterize drought events and their statistical properties in an objective way.
Although ToR is not a drought index, it could be used along with other DI in identifying drought parameters. A drought event is identified as a period in which the rainfall time series is consecutively less than the critical threshold level, y c (Figure 3 ).
In this study, the identification of the critical rainfall threshold level was based on the SPI drought class threshold (SPI ¼ À1). Therefore, the rainfall threshold level, y c ¼μ Àσ (i.e., a rainfall below the mean corresponding to the standard deviation) was selected. This threshold level was also used in past studies by Ben-Zvi () and Paulo & Pereira ().
ToR can be computed for 3-, 6-and 12-month time scales.
Deciles
Gibbs & Maher () suggested another drought-monitoring technique by arranging monthly precipitation data into deciles.
The deciles are commonly used by the BoM to assess the status of rainfall deficiency throughout Australia. This technique divides the distribution of occurrences over a long-term precipitation record into tenths of the distribution, and each of these one-tenth slices is called a decile. The deciles are grouped into five classifications as shown in Table 3 . The first decile is the rainfall amount not exceeded by the lowest 10% of the precipitation occurrences. The second decile is the precipitation amount not exceeded by the lowest 20% of occurrences, and so on, until the tenth decile which is the largest one-tenth of precipitation amounts within the long-term record.
In the current study, a station is considered to be suffering 
RESULTS AND DISCUSSION
Drought characteristics
The SPI, RDI and deciles were applied to data from all five suffered from droughts in 2006. Table 6 summarizes the number of drought events and classifications that occurred in all five locations during the study periods, as discussed above. It also depicts the maximum intensity of droughts and maximum deficits for all five stations calculated for each period over 3-, 6-and 12-month time scales. As discussed earlier, the SPI and RDI identified almost the same number of drought events during each drought period but with slightly different severity, as shown in Table 6 . Overall, The correlation between the SPI and RDI indices were calculated and deemed to be satisfactory (Table 7) correlation decreased with an increase in time scale. This is most probably due to the variability of monthly PET and the rainfall data when longer time scales were considered. The correlations were also tested for SPI and RDI values calculated starting with a month different to January. This still gave similar results.
Detecting the onset and end of droughts using SPI The onset time of the drought for other stations, as shown in Table 8 , varied with the time scale used to calculate the Table 8 . Based on the results it could be concluded that the SPI method would 'total system storage triggers' to impose various water restriction levels. The implementation of water restriction is directly related to the severity of an evolving drought, and thus the water authority has to identify how severe a particular drought event is before planning the appropriate response. Therefore, the adaptation of SPI, which is applied in this current study, could provide essential information on droughts (e.g., lead time, duration, magnitude, the onset and end of the drought, etc.) which would help organizations to plan responses and drought impact mitigation actions.
CONCLUSIONS
This study was designed to evaluate three popular indices for the assessment of drought occurrences using data The SPI was able to identify the onset and end of meteorological droughts successfully when applied to the data. It was shown to be a good indicator and is worthy of further study to examine its use for drought monitoring and early warning, especially in other eastern states of Australia. On the other hand, utilization of the RDI might be beneficial for characterizing agricultural droughts, given that the RDI includes PET apart from precipitation in the calculation, providing an indicative deficit in soil moisture.
As all three indices were calculated starting at the beginning of each year for all time scales, looking at different time scales is also necessary for comparison. In this study it was shown that the indices calculated at a longer time scale (i.e., 12 months) provided better results as the longer time scale reflected better historical drought events.
